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Abstract
We present an initial analysis of a sample of three compact galaxies, determining mass
distribution as a function of radius for each galaxy. Making qualitative determinations of
the radial mass distribution is likely to provide insight into the mechanisms driving the
large-scale galactic winds observed from the galaxies in the sample. We maintain that the
launching mechanism is not linked to ongoing AGN activity, but rather perhaps connected
to feedback from star formation. We have spatially resolved the mass distribution in
galaxies J0905, J0826, and J1107 and observed tends supporting previous assumptions that
the mass and light are contained largely within the inner regions of the galaxy. However,
we have also calculated that the mass is perhaps more extended than we had initially
thought, indicating that Vesc may not be on the order of Vout. This may imply a different
launch mechanism than originally hypothesized, though this mechanism is yet to be
determined.

1. Introduction
1.1. A Little Perspective
If you ask Google to define the word ‘space’, the first definition it gives is “a continuous
area or expanse that is free, available, or unoccupied.” While clearly there are multiple ways to
define a word, it seems a bit humorous that the word used to describe an empty void filled with
nothing is the same word assigned to the final frontier, a vast expanse filled with quite literally
everything. A recent NPR article discusses the age-old question that many of us have pondered
while looking up at the night sky: which is more, the number of grains of sand on earth or stars in
the sky? The scientists interviewed in the article peg a rough estimate for grains of sand to be on
the order of 7×1018, while the estimate for stars in the observable universe sits on the order of
7×1022 (Krulwich 2012). That’s roughly 10,000 stars for each grain of sand on earth, a number
rather difficult to comprehend. What’s perhaps equally intriguing is the processes that govern the
life of an individual star.
Much like humans, stars have a lifespan. They are born, live for a period of time, and die
– often in a spectacular fashion known as a supernova explosion. Astronomers have studied these
processes for decades and have come up with the notion of star formation rate, the rate at which

1

stars are born. This is an especially important metric when studying the lifecycle of entire galaxies,
which might also be personified to be, in some senses of the word, alive. Just as the human body
relies on its internal organs to govern its livelihood, the direction of a galaxy’s life depends on its
stars.

1.2. Star Formation, Outflows, and Black Holes
The stars in a typical galaxy are contained in one of two major groups: a spherical-shaped
‘bulge’, occupying most of the galaxy’s interior, and a flat outer disk (Heckman et al. 2011).
Galaxies themselves may be divided into two general categories: living and passive (Schminovich
2007). Living galaxies have a high star formation rate, SFR, with many stars being formed from
cool dense gas. Passive galaxies on the other hand have a low SFR, likely due to a disturbance in
the supply of cold gas in galaxies that would otherwise be living. Over the past 8 billion years,
there has been a drastic increase in the number of passive galaxies (Schiminovich et al. 2007,
Brown et al. 2007). Recent research has been able to accurately calculate the mass of the
supermassive black holes at the center of a sample of galaxies. From the sample of galaxies, they
were able to determine there is a consistent ratio of 1000:1 between the mass of the galaxy’s bulge
and the mass of the black hole (Ferrarese & Ford 2005, Gültekin et al. 2009, Marconi & Hunt
2003, Häring et al. 2004).
It has also been determined that higher-mass galaxies exhibited a larger SFR and black
hole growth rate early on in the universe’s past, while smaller galaxies have exhibited a larger SFR
and black hole growth rates more recently (Cowie et al. 1996, Noeske et al. 2007, Panter et al.
2007). Both large and small galaxies constantly maintain the 1000:1 ratio. It seems there is some
correlation between the formation of stars, black hole activity, and the mass of a galaxy. There
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must be some kind of feedback governing the relationship between these galactic functions,
regulating the bulge-to-black hole mass ratio and enforcing a star formation rate speed limit of
some sort. This is a widely open-ended question to which the answer is not well known, like a
partially-explored cave leading somewhere unknown. But we have our headlamps and flashlights
and have taken the first steps into the mouth of the looming cave of cosmic questions. So come,
let’s put on our hard hats and do some galactic spelunking.
Star-forming galaxies are known to drive galaxy-wide outflows. These outflowing winds
are attributed to thermal energy from supernova explosions and star formation, and typically travel
around 100-500 km/s (Heckman et al. 2000; Shapley et al. 2003; Martin 2005; Rupke et al. 2005;
Weiner et al. 2009; Rubin et al. 2010). Several galaxies studied by Tremonti et al. (2007) were
discovered to have much higher outflow velocities (|𝑣| > 1000𝑘𝑚/𝑠).

These are massive

galaxies (𝑀∗ ≈ 1011𝑀⨀) at 𝑧 ~ 0.6. Galactic winds in post-starburst galaxies at 𝑧 ~ 0.6 were
initially believed to be generated by feedback from an accreting supermassive black hole (Silk &
Rees 1998; Di Matteo et al. 2005). This feedback, also referred to as AGN (active galactic nucleus)
feedback, comes in two ‘flavors’ so to speak.
The first so-called flavor, or mode, is known as the radio feedback mode. Here, preventive
feedback keeps gas from cooling and collapsing to form stars. This type of feedback is mainly
found in passive galaxies. The second mode is the quasar feedback mode. This is ejective
feedback, which spews material from the central region of the galaxy across a large solid angle.
This feedback mode is mainly found in living galaxies containing lots of gas, often gas-rich
mergers, when two galaxies collide. Radio feedback is thought to be associated with an optically
thin, geometrically thick accretion disk and is driven by the mechanical energy from a black hole
jet. Quasar feedback is associated with an optically thick, geometrically thin accretion disk and
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exhibits a large amount of radiation pressure with a signature of UV photons. Despite the
differences between the modes, both feedback types associated with AGN have a mechanism that
converts ultraviolet photons to produce heat and drive the galactic winds.
This could possibly help explain the connection between black holes at the center of
galaxies and the star formation rate of that galaxy. It might be possible for energy from the
accreting black hole to be injected into the surrounding galaxy, heating the gas in the galaxy’s
halo. This process may inhibit the gas from cooling and collapsing to form stars (McNamara et
al. 2007, Best et al. 2006, Churazov et al. 2001). Perhaps this would be part of the feedback
system, helping to explain the regulation of SFR and the bulge-black hole mass ratio.
However, in more recent studies it has been discussed that it may be possible for feedback
related to compact starbursts to be launching these outflows at such high velocities (DiamondStanic et al. 2012, Sell et al. 2014, Geach et al. 2014). It has been demonstrated that there is a
relationship between the luminosity of the galaxy and the outflow velocity of the associated
galactic wind. Perhaps there is more than meets the eye when it comes to this question. It seems
there is a correlation between the galactic outflow and luminosity, a correlation between SFR and
black hole activity, and a correlation between black hole mass and galactic mass. Thus, in our
study, we have taken an open-minded approach. With the desire to shed some light on all of these
relationships and how they might stack up in the bigger picture, we took the approach of looking
for as much information as possible, as opposed to seeking one single answer. We focused on the
peculiarity of the stellar winds described above, and decided to follow the path of studying the
masses of a sample of galaxies to see where it takes us.
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1.3. Ruling out AGN
There is still much unknown about the origin of these high-velocity galactic-scale outflows
from certain galaxies at 𝑧 ~ 0.6. In a 2012 study by Diamond-Stanic et al., a sample of 29 galaxies
was observed with recent post-starburst timeframes (𝑡𝑏𝑢𝑟𝑠𝑡 ≲ 300 Myr). This means the sample,
in general, is composed of bluer-than-average galaxies. The galaxies in the sample have relatively
small radii and large total SFR, putting them in the range to possibly drive the high velocity (|𝑣| >
1000𝑘𝑚/𝑠) outflows, previously thought to only be possible with ongoing AGN activity. If
indeed the high-velocity outflows are driven by SFR and high stellar density, as opposed to AGN
activity, perhaps there are more than just the two feedback modes described above. This would
open up the possibility for another enforcer of the SFR speed limit, and could possibly lead to
more insight on the relationship between bulge mass and black hole mass, as well as insight on
other the consequences of the outflows.
As briefly discussed above, typical AGN feedback has a unique spectral signature. For a
galaxy undergoing AGN activity, spectral analysis will likely show broad Mg II and H𝛽 emission
lines at 𝜆 ~ 2796 and 𝜆 ~ 4861 respectively. Recent data has pointed to a lack of active AGN
activity driving the outflows, and hinted that they may instead be associated with feedback from
starbursts with very high star formation rate surface densities (Sell et al. 2014). The left side of
Figure 1 below shows the lack of broad Mg II and H𝛽 emission lines, providing compelling
evidence against an active galactic nucleus. The three galaxies being spectrally analyzed in Figure
1 are three out of a sample of fourteen galaxies studied by Diamond-Stanic et al. (2012).
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Figure 1. Spectra spanning 𝜆𝑟𝑒𝑠𝑡 = 2500 − 5000Å, displaying a 3 galaxy subsample of Diamond-Stanic
et al. sample. Left: depicts lack of Mg II and H𝛽 emission lines, confirming lack of AGN activity. Right:
emphasis on the large magnitude of outflow velocities associated with each galaxy. For example, galaxy
J1506 exhibits a maximum outflow velocity of 2197 km s-1 (Sell et al. 2014).

Indeed, there are other general indications of AGN activity, such as x-ray emission
(produced by inverse Compton scattering) and hot dust emission. Out of the Diamond-Stanic et
al. (2012) sample of 29 galaxies, approximately 25 were found to lack all indicators of ongoing
AGN activity. A study by Murray et al. (2011) states that areas of dense stellar population density
could provide a sufficient stage for launching high-velocity galactic winds. It is compelling that
there could be a phase in a galaxy’s lifespan, perhaps a galactic merger, during which the star
formation rate is directly associated with large-scale galaxy-wide outflows.

1.4. Our Contribution
This previous work was able to measure the optical light distribution based on highresolution imaging and the outflow velocities based on near-ultraviolet spectroscopy.
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The

information was determined based on data corresponding to the light coming from each galaxy.
This data provided compelling evidence, however, it did not quite give a complete picture of the
processes undergone by the galaxy. The data analyzed in the past did not take into account the
mass associated with the compact starburst galaxies.
We maintain the same hypothesis as discussed above, that the high-velocity outflows may
not be related to an accreting supermassive black hole but rather the feedback from star formation
in the galaxies. A crucial point in our hypothesis is that we believe that the mass in the galaxies
in our sample may be so compact that the majority of the total mass is contained within the
innermost regions of the galaxy. Additionally, we hypothesize that the outflows may be cold gas
expelled from the galaxy by the same mechanism that prevents hot gas from cooling. There may
be a mechanism separate from AGN that is driving these galactic winds and quenching star
formation. We use data from three-band imaging (broadband F475W, F814W, and F160W filters,
centered around 475nm, 814nm, and 1600nm respectively) from the Hubble Space Telescope to
measure U-V and V-J colors and perform a preliminary spectral energy distribution analysis to
determine how stellar mass is distributed throughout each galaxy.
Though it is possible to estimate mass-to-light ratios using a single-band color image, the
spatial resolution gained from U-V and V-J colors allows us to make higher-resolution distinctions
between specific regions of a given galaxy. This can be useful in determining regions with young
stars and rapid SFR versus older stars, or making a map of stellar density as a function of radius.
Figure 2 shows a three-color overlay of the section of sky around one of the galaxies in our sample,
J0905, assigning blue, green, and red colors to the three broadband filters, F475W, F814W, and
F160W, respectively. Though this may look like a low-resolution image of what we imagine
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galaxies to look like, the information contained in this one image is all the data we need to take
our first steps into that looming cave of cosmic questions.

Figure 2. Three-color image of J0905 (located at the center, circular) and the surrounding heavens.

Our sample includes 12 galaxies, which are a subsample of the Diamond-Stanic et al.
(2012) sample, but for now we will focus on three galaxies, J0905, J0826, and J1107. It is our
goal to perform a qualitative analysis to paint a better picture of the galaxy, in terms of the stellar
mass distribution and mass-to-light ratio for the galaxy. We will then use this information to attain
insight into the origin of these galactic winds.
With the addition of analyzing the mass distribution in conjunction with calculated massto-light ratios, we will be able to shed some light on an unexplored section of our cave of questions.
Based on the strong connection between the above-discussed galactic processes and mass, we
aimed our headlamps in the direction of mapping out the mass in our sample of galaxies. With
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stellar mass of the galaxy radially resolved, we hope to uncover new information regarding
feedback, AGN activity, and galactic-scale stellar winds.
To this point, we have used the data to create image stamps, a subset of the pixel arrays
from the HST images. We then used Python to perform aperture photometry on these arrays,
resulting with several datasets, and corresponding visualizations. For each of the three galaxies,
we obtained the flux (in Jy per unit area) as a function of radius. We then created a process dividing
up the galaxy into thin annuli, to better resolve the flux as a function of radius. Obtaining this
subtractive flux, or subflux as we called it based on the process by which a given annulus’ flux
was calculated, allowed us to radially resolve the mass in a given galaxy. Using several conversion
steps, we were able to use our subflux arrays to estimate the mass as a function of radius for the
three galaxies. The trend is consistent with past understanding of the mass in these galaxies, as
generally the stellar mass density decreases as the radius increases.
Additionally, we were able to use the U-V and V-J colors to create a visualization
demonstrating the ‘colors’ associated with these annuli in each galaxy. This gave us insight into
the different regions of each galaxy, distinguishing between blue star-forming regions, dusty-red
star-forming regions, and quiescent regions based on a study by Williams et al. (2009). We used
comparative colors again to create maps of light and mass distribution as a function of radius.
Though we are still in the process of making determinations regarding the bulge-to-black
hole mass ratio and the high-velocity outflows associated with this galaxy sample, our progress
puts us well ahead of where we might be without the three-color HST imaging. Our goal to this
point in the research has been to come up with a primitive map for mass and stellar population
distribution for each galaxy, with the hopes that this will lead us to making larger-scale
determinations in the future.

9

2. Methods
2.1. The Raw Data
The galaxies in our sample were observed with the Wide Field Camera 3, WFC3, (Kimble
et al. 2008) Ultraviolet Imaging Spectrograph (Lupie & Boucarut 2003) on the Hubble Space
Telescope. Three filters, F475W, F814W, and F160W were used in tandem. Each galaxy was
observed for three HST orbits, with one orbit (approximately one hour) dedicated to each of the
WFC3/UVIS F475W, WFC3/UVIS F814W, and WFC3/IR F160W filters.
The data with which our team began had already undergone the processes that took the
data from the telescope and made it usable for us. For absolute clarity: from this point forward, if
I mention ‘starting’ data, let’s take it to mean the initial data with which our team was presented
at the beginning of our exploration, not the form of the data gathered at the telescope. The data in
the form collected at the telescope may be referred to as the ‘raw’ data.
The Hubble Space Telescope took images, as mentioned above, of the galaxies in our
sample. Four frames were taken for each of our three filters; the exposure for each of the four
frames was on the order of 15 min each. These raw frames were sullied by many external factors
that skewed the image. Unwanted optical influence from cosmic rays appearing across the images
made them difficult to interpret. These blemishes were later accounted for and subtracted from
the frames, yielding a cleaner image of the objects in the sky. Additionally, the sensors on the
telescope absorbing and interpreting the incoming photons into frames were not flat-fielded,
yielding pixel-to-pixel variations in the imaging instruments’ sensitivity. To correct for this,
corrections were applied based on appropriate calibration frames. These corrections yielded FLC
files that were flux-calibrated, flat-fielded, and corrected for charge transfer efficiency.
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These files consisted of four dithered frames per filter. By applying AstroDrizzle, the
images were resized to a smaller pixel size (0.05 arcsec pixel-1) in order to fit with recommended
scales (Sell et al. 2014). The four frames were aligned using TweakReg to produce one scientific
mosaic. This was done initially from the HST pipeline, but the FLC files were re-run through
AstroDrizzle and TweakReg by Paul Sell to create the most useful format for our mosaics. These
mosaics are large pixel arrays where each pixel contains a data value, representing energy flux,
given in some image unit to be later converted to standard flux units. Figure 2 displays a cropped
three-color (filter) overlay of these mosaics.
It is important to note the impossibility of completing our research with ground-based
observation of these galaxies. Noticeable in Figure 3 below, images of these galaxies taken from
ground observation points are far inferior in resolution to those taken with the HST. Ground-based
observation of the galaxies in our sample is only sufficient to make rough determinations regarding
the compactness of a galaxy’s light. There are serious restrictions on using ground-based images.
The distortion from the Earth’s atmosphere skews the images, rendering them not precise enough
to analyze at the level to which we wish to do so. Additionally, there is a high level of contrast
introduced from the sky, making it impossible to accurately resolve regions of dimmer stars in a
given galaxy. Without this, our analysis of the mass-to-light ratio, which enabled our calculation
of mass distribution, would be impossible.
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Figure 3. Comparison between ground-based observation and HST imaging. Left: SDSS image of
galaxy J090523.59+575912.4, taken 20000406. Demonstrating quality of a ground-based image. Right:
HST pipeline image of galaxy J0905 generated with jr_aper_phot.py.1 Demonstrating quality of a HST
image.

Keeping in mind that our aim was to radially resolve the mass distribution for the three
galaxies in our mini-sample, we devised a process by which we could do so. After being modified
from the pure data, the images were in a state compatible with our analysis techniques. The images
of each galaxy were compiled into arrays of 7500 by 7500 pixels. From there, we created smaller
image stamps, arrays of shape 200 by 200, centered around the galaxy. Initially we created three
stamps per galaxy, one per filter. From these stamps we were able to conduct our conversion from
the telescope raw data units to compatible image units to complete calculations of radially-resolved
mass distribution.

2.2. The Importance of Flux
Obtaining the flux of a galaxy can provide information regarding its stellar compactness
and density, and information on specific regions within the galaxy.

1

https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_aper_phot.py
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It may also provide

information on galactic wind activity and preliminary insight into SFR and potential AGN activity.
This, as discussed in the introduction above, can only get us so far. With only one image (from
one filter) of a galaxy, we would be missing the ability to comparatively estimate the mass-to-light
ratio and convert light distribution details to mass distribution information. With the addition of
the three-filter-imaging technique, we opened up the ability to spatially-resolve the mass
distribution via a mass-to-light ratio estimate.
We began with the pixel arrays of data values, which as mentioned above gave the flux of
each pixel in arbitrary image units, and we converted these image units to units of Jys (1Jy = 10-23
erg s-1 cm-2 Hz-1). We shifted our analysis from looking at data from each individual pixel in our
stamps to dividing up our galaxies into 40 concentric annuli. These annuli were centered around
the centroid of the galaxy. We analyzed the flux (denoted subflux based on the subtractive means
by which we calculated flux in an individual annulus) in each of these shells. This lead us down
a few routes.

2.3. Equations for Determining Physical Properties
In our analysis the rest-frame U, V, and J bandpasses correspond to observed-frame
wavelengths near 475nm, 814nm, and 1600nm for the galaxies in our sample. The first path flux
took us on was to compare subflux magnitudes in U-V and V-J colors, producing a visualization
of stellar population as an annulus-based function of radius. To obtain annulus-based values for
the U-V and V-J colors, we used Equations (1) and (2) below. Keep in mind subflux refers to the
flux in a given annulus.
𝑈 − 𝑉𝑐𝑜𝑙𝑜𝑟 = −2.5 log10 (
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𝑠𝑢𝑏𝑓𝑙𝑢𝑥𝑈
)
𝑠𝑢𝑏𝑓𝑙𝑢𝑥𝑉

(1)

𝑉 − 𝐽𝑐𝑜𝑙𝑜𝑟 = −2.5 log10 (

𝑠𝑢𝑏𝑓𝑙𝑢𝑥𝑉
)
𝑠𝑢𝑏𝑓𝑙𝑢𝑥𝐽

(2)

By completing these calculations, we arrived at a value of flux in a usable format giving us the
ability to compare fluxes in the U-V color versus fluxes in the V-J color.
The other major path we took was to convert the subflux for the annuli in a given galaxy
to luminosity; then using an estimate for mass-to-light ratio, we produced a visualization of radial
mass distribution for each galaxy. Doing this required us to initially find a relationship among our
observed wavelength, luminosity, and flux (or subflux). Equation (3) below is from a paper by
Hogg (2000), and gives us the relationship
𝜐𝑜𝑏𝑠 𝑓𝜐 =

𝜐𝑟𝑒𝑠𝑡 𝐿𝜐𝑟𝑒𝑠𝑡
4𝜋𝑑𝐿 2

(3)

where 𝑑𝐿 2 refers to the luminosity distance of the galaxy. This was calculated with an online
cosmology calculator developed by Edward Wright (2006) based on the redshift of a given galaxy.
The 𝑓𝜐 represents the flux or subflux in question. Note that we ran calculations for the mass of the
entire galaxy as a means of attaining an approximation for uncertainty; we ran these calculations
for the flux of an entire galaxy and for the subflux of a given annulus. From knowledge of
electromagnetic waves, we know
𝜐𝑜𝑏𝑠 =

𝑐
𝜆𝑜𝑏𝑠

(4)

where 𝜆𝑜𝑏𝑠 is dependent on the filter in use, so it will be 475nm, 814nm, or 1600nm. Rearranging
Equation (1) to solve for luminosity with units erg s-1 and substituting in Equation (4), we obtain
𝐿𝜐𝑟𝑒𝑠𝑡 𝜐𝑟𝑒𝑠𝑡 =

𝑐
𝜆𝑜𝑏𝑠
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𝑓𝜐 (4𝜋𝑑𝐿 2 )

(5)

which gives a quantitative view into the luminosity for a galaxy as a whole and the luminosities of
individual annuli, when calculating with subflux. It is important to note that the 𝑓𝜐 term depicts
the flux (or subflux) for the galaxy or region in question for a given filter.
To make the jump from luminosity to mass, we took an approximation approach. In
essence we would multiply the amount of light (luminosity) by a mass-to-light ratio and the units
cancel out to give us units of mass. To calculate our conversion metric, the mass-to-light ratio, for
each galaxy, we used the method devised in Bell & de Jong (2001), where
log10(MLR) = 𝑎 + 𝑏(color).

(6)

Solving for MLR, or mass-to-light ratio, gives us
MLR = 10(𝑎+𝑏(color)) .

(7)

Here, color is calculated in a way similar to Equations (1) and (2). We will refer to these colors
slightly differently, as they are not exactly the same. Here, we define color by
Color𝑈𝑉 = mag 𝑈 − mag 𝑉

(8)

Color𝑉𝐽 = mag 𝑉 − mag 𝐽

(9)

where
mag 𝑈 = log10

𝑓𝑡𝑜𝑡𝑈
,
3631

(10)

mag 𝑉 = log10

𝑓𝑡𝑜𝑡𝑉
,
3631

(11)

mag 𝐽 = log10

𝑓𝑡𝑜𝑡𝐽
3631

,

(12)

where f stands for flux. Depending on which color we used in the calculation, U-V or V-J, our
values of a and b were different. There were seven pairs of a, b values chosen from. See Appendix
A1 for the specific values of the a and b coefficients. Note that the a and b coefficients were
determined by Bell & de Jong (2001) based on flux measurements in filters of different
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wavelengths and different assumptions about the star-formation history. In place of the U filter,
F475W, there was a B filter used. We accepted this small difference in filter and used it to
approximate our stellar population model to come up with mass-to-light ratios.
We were initially running calculations for both U-V and V-J colors, but decided to report
only on the U-V color results due to the skewed information our V-J color calculations were giving
us. This is likely due to issues with the broader point spread function in the F160W images and
the process by which we estimated our stellar population model and calculated our mass-to-light
ratio.
It is worth noting that some of the calculations of the MLR took into consideration only
the total flux of each galaxy. Another set of calculations took into consideration the subflux for
each annulus of a given galaxy and determined an individualized MLR for each annulus. When
using one MLR for analysis, we essentially were analyzing the light in each annulus due to the fact
that this was a straightforward scalar term multiplied to the flux of each galaxy. This essentially
just carries out a unit conversion from flux to mass. However, when using a specific MLR
calculated with the subfluxes for each annulus, we are able to spatially resolve the mass in each
annulus based on the color in that annulus, which is often different than the average color of the
entire galaxy. With this in our hand we could make the final jump, putting together Equations (5)
and (7) to arrive at
Mass = (𝐿𝜐𝑟𝑒𝑠𝑡 𝜐𝑟𝑒𝑠𝑡 )(MLR).

(13)

2.4. Spatially-Integrated and Spatially-Resolved Masses
We ran calculations for the total mass in each galaxy in two different ways, as mentioned
above. The first method was to calculate mass from a spatially-integrated color, or MSIC as we
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termed it. For this process we ran the color calculations, from Equation (8), for the total flux of
the galaxy for the denoted filter. Then with Equation (7), we calculated one MLR and estimated
the mass in each of the 40 annuli across the galaxy using Equation (13) in which we only input the
subflux for the annulus in question when solving for (𝐿𝜐𝑟𝑒𝑠𝑡 𝜐𝑟𝑒𝑠𝑡 ). Since measurements of the
flux were taken using three filters, we obtained three mass values in this method by using the
annular subflux values from each filter. By summing up the annular mass values separately for
each of the three filters, we resulted in three total mass calculations: MSIC,F475W,B-V, MSIC,F814W,B-V,
and MSIC,F160W,B-V.

These mass values were specific to the F475W, F814W, and F160W

luminosities, respectively. Since there were seven pairs of a, b values, we ran this calculation once
for each of the a, b pairs, resulting in seven total mass values. A best value and uncertainty were
determined by taking the average of the mass values and the standard deviation. This process was
repeated for each of the three galaxies in the sample. It is important to note that we used an
approximation for the U-V color, by extending the a and b coefficients to our data. These
coefficients were calculated for a B-V color, which is close enough to our U-V color to give us a
quick way to estimate the MLRs. For our analysis, B-V and U-V colors are to be taken to mean
the same thing.
The second method was to calculate annular mass from spatially-resolved colors, or MSRC
as we termed it. For this process, we ran the color calculations, from Equation (8), for the subflux
in each annulus for a given galaxy. This provided each annulus with its own color value, based
on the differences in subflux from different filters in that annulus. Since we only considered the
U-V color, we only needed to take the subflux from the U and the V filters into consideration. It
was our intention to calculate an individualized MLR for each annulus, which provides a more
accurate estimate of the mass in each ring and a more accurate estimate for the total mass in the
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galaxy. Similar to the first method, we used seven a, b coefficient values from Bell & de Jong
(2001) for our stellar population model. This gave us seven values for the mass in each annulus
for a given galaxy. However, this time we were only analyzing the luminosity data from the
F814W filter as a way to initially narrow down our analysis. This gave us mass values specific to
the F814W luminosity.
The mean of the seven mass values for any given annulus gave us a best value for the mass
in that shell, which we would later use to create plots of mass as a function of radius. We attained
a best value of total mass by summing these annular mass best values together to attain the best
value for the total mass in the galaxy, denoted MSRC,F814W,B-V. The same result for total mass best
value was achieved by using the seven a, b coefficient pairs to calculate seven values for the mass
in each annulus. Then for each respective pair of coefficients the annular mass values were
summed the to come up with seven values for total mass of the galaxy. The mean of these values
matched our other calculation for the best value. We used this process to calculate uncertainty by
taking a standard of deviation in these seven total mass values.
Our processes allowed us to make calculations for the total mass in each of our three
galaxies in addition to creating visual maps of mass as a function of radius for each galaxy. This
is the extent to which we have explored our cave of cosmic questions. Much of the cave remains
dark and patiently waits to be discovered. We have mapped out the progress we have made up to
this point. The journey thus far has proven to be riddled with surprises, and has provided us with
crucial insight about our next steps deeper into the cave.
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3. Results
Any journey in physics is filled with approximations, cut-offs, negligible information that
gets left behind, simplifications, and reductions for the sake of making data or a calculation more
useful or realistic. Our research was no different. The raw data collected on the Hubble Space
Telescope was modified and reduced to render the data that our research processes could analyze.
Our analysis was conducted using Python. We began with large arrays of data then cropped the
arrays to focus more closely on the galaxy in question. As mentioned in the Methods section, we
then cut down further on the information in the arrays by creating concentric circles of certain radii
from the galaxy’s centroid, measured in pixels of the image. We could then concentrate on the
flux in a certain radial region of the galaxy. Seeing as it is our mission to study the trends and
patterns filling our galaxies, much of our results are generated in the form of plots to effectively
convey these trends. While most of our analysis is done qualitatively, it is important to note the
possible implications of each qualitative analysis on the bigger picture.

3.1. Flux vs. Aperture Radius
Before we even began to analyze the mass distribution in the galaxies, we analyzed the
flux as a function of radius, giving us the total flux inside a circular aperture of a given radius. We
used this to estimate the aperture radius at which it would be no longer necessary to carry out
analysis, the cutoff radius. In Figure 4 below for galaxy J0905, each plot (one for each filter) of
flux versus radius begins to level off at a radius of approximately 40 pixels. The plot then begins
to bend back upwards gradually. This is likely due to light bleeding over from nearby galaxies, as
noticeable in the top right frame of Figure 4. We took 40 to be our cutoff radius and extrapolated
this cutoff radius to the other galaxies in the sample, as their plots demonstrated similar trends,
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keeping in mind it is an approximation and may be subject for revision in the future. Once we had
made the determination to cut the radius off at 40 pixels, we proceeded to analyze what we termed
subtractive flux, or subflux. We note that a radius of 40 pixels corresponds to a physical scale of
approximately 12kpc. This gave us the flux in a certain one-pixel-wide ring at certain radii from
the centroid, providing better insight into the distribution of flux (and later mass). See Appendix
A2 for similar plots for galaxies J0826 and J1107.

Figure 4. Bottom row: Flux vs. Aperture Radius plots for galaxy J0905. Displaying motivation for
setting cutoff radius to 40 pixels based on flux values leveling off around radius of 40 pixels. Top row:
Image stamps for each filter of galaxy J0905, located in the center of the stamps. Generated with
jr_aper_phot.py.1

3.2. Annular Flux (Subflux)
To gain a visual idea as to the differences in analyzing the flux compared to analysis
regarding the subflux, we generated Figure 5, consisting of three plots. Again, we used the data
from galaxy J0905 from our sample to generate these plots, though the plots for galaxies J0826

1

https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_aper_phot.py
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and J1107 are contained in Appendix A3. The trends displayed in the plots make sense when
thinking about the fact that the brightest part of a galaxy is its center. As you move farther away
from the center, the general trend of the subflux is downward. Compared to the steadily increasing
flux values as radius increases, these subflux annulus values provided us more useful information
when mapping out the distribution of surface mass density.
The plot at the top of Figure 5 depicts the flux in each annulus (subflux) of J0905 for each
of the three filters. We created this plot as a second visualization of the information portrayed in
the middle plot. When comparing the flux from different filters in respective annuli, it is possible
to gain insight into a trend in color of a region of the galaxy. For example, in a given annulus, if
the flux from the F814W filter is much lower than the flux in the F475W filter, we can confidently
say the region in question is bluer than average. Similarly, if for a certain annular region, the flux
in the F160W filter is much greater than the flux in the other two filters, we know this region is
redder than average.
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Figure 5. Bottom: Flux (in data values, dv) vs. Aperture Radius plot for all three filters. Middle: Subflux
vs. Aperture Radius plot for all three filters. Top: Log plot of the subflux values in each filter. Generated
by jr_flux_plots.py. 2

While in principle this qualitative analysis of the color makes sense, it is difficult to see
these relationships from Figure 5. Realizing this, we decided to make a more cohesive color map
of the galaxies. Figure 6 below displays this color map.

3.3. Color Mapping
We created a photometric spectral energy distribution depicting regional flux compared to
filter wavelength. It is essentially the same as the top plot in Figure 5, except this time we included
connecter lines marking the annuli. Dots on the plot that are connected are subflux values from
the same annulus in the different filters. Since the x-axis is wavelength, with the bluest wavelength
at the left and the reddest at the right, we can gather qualitative information about regional color

2

https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_flux_plots.py
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from the trend of these connecter lines. The more negative the trend of these connecter lines, the
bluer the region. Similarly, the more positive the trend of the lines, the redder the region.
The color bar on the right of the plot merely artistically paints the data points to indicate
relative radius from the centroid. Don’t confuse the dot being red with meaning that region is
more red (though that does end up being the general trend). It is also important to note that in
general, stellar populations of a bluer color will exhibit different characteristics than a redder stellar
population. Typically, bluer stellar populations are more active, younger, and hotter populations
that are forming stars at a higher rate while redder populations are often either dust-attenuated
regions of high star formation or quiescent older stars. In addition, younger stellar populations
typically have a smaller MLR than older redder populations, providing motivation for customized
stellar population models.
We can see a clear trend as we travel from the inner-most annuli to the outer-most annuli.
The slopes of the connecter lines consistently increase from negative to positive to more positive
as the radius increases, indicating a gradient across the galaxy’s radius shifting from bluer inner
regions to redder outer regions. This trend holds for the other two galaxies in the sample,
solidifying our claim that the inner region of each galaxy hosts a bluer stellar population, while
the outer regions host a redder stellar population. Note that not all annuli were used in the creation
of this plot. The inner five shells were considered, then broader shells of thickness five pixels
were used to demonstrate the trend across the entire galaxy without having so many data points
that the plot becomes difficult to interpret. Note that the units of flux have been converted to
Jy/area by a simple conversion from telescope flux units, electrons, to Jy. The area of the annuli,
in pixels, is also taken into account.
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Figure 6. Demonstrates the consistent trend in blue to red stellar populations as radius increases and
regional flux decreases. The columns of data points represent radial flux information from filters F475W,
F815W, and F160W from left to right. Generated by jr_phot_sed.py.3 Similar plots for the remaining
two galaxies in the sample are contained in Appendix A4.

After noticing the clear trend in color and flux as a function of radius, we turned to an even
more clear visualization method for comparing color magnitudes in the different filters. We made
comparative magnitude calculations of the U-V and V-J colors using Equations (1) and (2). As
mentioned above, when comparing the magnitudes of respective subflux values in different filters,
we can gain insight into the average color of a given annular region. Due to the definition of the
magnitude scale, a galaxy with more flux in the U filter than the V filter will have a negative U-V
color and will appear blue. In other words, due the way the color magnitudes are calculated in
Equations (1) and (2), the magnitude is calculated with a negative sign introduced. Thus, we argue
just the opposite: the smaller the U-V or V-J color, the bluer the region, while redder regions
correspond to more positive values.

3
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We chose to plot these two comparative magnitudes, the U-V and V-J colors, together as
shown in Figure 7, to further resolve the trend we were seeing in Figure 5 and 6. Each dot
represents an annulus centered at the centroid of the galaxy. A color bar is included, similar to
Figure 6, to indicate which annulus the dot on the plot represents. We see that as we move
diagonally from bottom left to top right, the dots generally shift from dark blue to red, and then
strangely back to blue again. The first part of this trend makes qualitative sense based on our
above assessment of U-V and V-J magnitudes, showing that the outer regions have a generally
redder color while the inner regions have a bluer color. The other two galaxies in our sample
exhibit a similar trend, further bolstering some of our initial claims about the relative blueness of
the center and redness of the outskirts of the galaxies in the sample.

Figure 7. Comparative magnitudes for the U-V vs. V-J colors, demonstrating the trend in color
distribution throughout galaxy J0905. The curious outliers in the bottom left corner indicate more in-
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depth analysis is necessary. Generated by jr_color_color.py. 4 See Appendix A5 for similar plots for
galaxies J0905 and J1107.

We took a closer look at the upper right region in Figure 7, noting that the other galaxies
in the sample also displayed similar clusters of blue dots where we expected red (see Appendix
A5). These indicated annular regions near the center of the galaxy that were host to a redder than
average stellar population. Could it be that the very central regions of the galaxy might have the
reddest stars? Wouldn’t this be a direct contradiction to our assumption and observations from
Figure 6 that the center of the galaxy is dominated by a bluer stellar population? Is it possible that
these inner red regions still contain a blue stellar population that observationally appears red due
to high dust attenuation?
A study by Williams et al. (2009) suggests that the regions depicted in plots such as Figure
7 could be exhibiting different star formation behavior. This study indicates that it may be possible
for the blue dots in the bottom left corner of our plot to indicate a region of bluer stellar population
and of high star formation rate while the blue dots top right corner may be indicative of a region
of high dust attenuation. A high level of dust shields photons of bluer wavelengths from escaping
the galaxy and being observed. This highlights the possibility of some of the inner regions of the
galaxy being dominated by bluer stellar populations with a high dust attenuation, making them
appear red. The study also suggests that the region on our plot dominated by dark red dots (outer
regions of the galaxy) may indicate a region of quiescent and redder stellar populations.

3.4. Mass and Light-Mass
We started out this journey unsure of precisely where it might take us, but we had a good
intuition that studying the mass distribution in the galaxy might help get us wherever it was we

4
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were going. Though useful and imperative to our understanding of the possible functions and
processes of the galaxies, the information processed in Figures 5-7 only give insight regarding the
observed annular subflux and corresponding relative color of our aperture-defined regions, but
failed to provide much qualitative insight into the mass distribution. We turned our attention to
making mass calculations for the three galaxies in our sample. We initially made calculations for
the total mass in each galaxy. This gave us a reference point for the relative concentrations of
mass in each annular region of the galaxies.
To do this, we took the measurement of total flux in each galaxy from each filter and
combined it with the luminosity distance (based on redshift of the galaxy, calculated with Edward
Wright’s Cosmology Calculator) and the filter’s wavelength to calculate with Equation (5) the
total luminosity of the galaxy, in erg s -1. After calculating U-V and V-J color (slightly different
calculation than U-V and V-J color) with Equations (8) and (9), we then applied seven different a
and b values for each filter, as listed in Appendix A1, to Equation (7) to produce 21 MLR estimates,
seven for each filter. After properly converting the MLRs to the correct units of 𝑀⨀ /𝐿⨀, where
𝐿⨀ was converted to erg s-1, we were able to apply Equation (13) to calculate seven values of total
mass for each filter for each galaxy. A mean and standard of deviation were taken to come up
with a best value and uncertainty for each filter. The results are compiled in Table 1, below.
Table 1.
Total Light-Mass Values for Each Filter for Each Galaxy in the Sample and Associated Uncertainties
Galaxy MSIC,F475W,B-V 𝝈Msic,F475W,B-V MSIC,F814W,B-V 𝝈Msic,F814W,B-V MSIC,F160W,B-V 𝝈Msic,F160W,B-V
(𝑀⨀ )
(𝑀⨀ )
(𝑀⨀ )
(𝑀⨀ )
(𝑀⨀ )
(𝑀⨀ )

J0905
J0826
J1107

2.29 x1011
2.21 x1011
1.80x1011

0.14 x1011
0.13 x1011
0.10 x1011

2.44 x1011
2.35 x1011
1.91 x1011

0.15 x1011
0.13 x1011
0.11 x1011

.807 x1011
.908 x1011
.636 x1011

0.051 x1011
0.052 x1011
0.033 x1011

Initially, we had the intention of attaining a best value for mass of each galaxy by
combining the values from each filter. However, after noticing the large differences in mass values
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for the different filters, especially for the F160W filter, we chose to leave these separate and
continue our analysis using just one filter (F814W), as we discuss in the following sections.
These results are consistent with the results from a sample of similar galaxies studied by
Tremonti et al. (2007) and Diamond-Stanic et al. (2012) pinning the mass of these galaxies on the
order of 1011𝑀⨀ . This reassured us that our analysis processes were relatively accurate. It is
important to note that small changes in the analysis procedures could yield seemingly large
differences in results. However, when working with values that can change drastically based on
small changes in initial assumptions or models, the range for accepted values widens a bit. This
is to say that a change of factor two or three in terms of the total mass of a galaxy, which is heavily
based on estimated initial assumptions, is not as shocking as it may seem at first. It is reassuring
that our calculations using the set of estimated assumptions outlined above put us on the same
order of magnitude as the results from previous work.
To focus more closely on specific annular regions of each galaxy, as we had previously
done for flux and color, we calculated the mass in each annulus. To gain visual insight into the
how mass trended with radius based on data from the three different filters, we opted to run
calculations for the mass in each annulus based on a single set of a, b values, specifically the sixth
set listed in Appendix A1 for each filter. Though above in Table 1 we made calculations for best
values of the total mass in each galaxy based on best values for the mass in each annulus compiled
from seven a, b sets, for the purpose of creating a visual representing the trend in mass as a function
of radius, we simplified our data sets.
As described in the Methods section, we followed two procedures for calculation of the
mass of each galaxy. The first was to use a generalized spatially-integrated mass-to-light ratio to
calculate the annular masses. The second was using spatially-resolved MLRs specific to each
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annulus to calculate the annular masses. We denote the MLRs calculated in the first procedure as
‘single MLR’ for a given filter while the MLRs from the second procedure are denoted ‘annular
MLR’ for a given filter. The first procedure produced various MSIC, or light-mass, values while
the second procedure produced various MSRC, or mass, values.
The calculation of annular mass based on ‘single MLRs’ simply scaled our previous
calculations for flux to fit a different set of units. Though we were now plotting mass as a function
of radius, the plot showed mass as resolved by one constant MLR scalar being applied to the flux
units. Thus, it is apparent the similarities between the bottom frame of Figure 8, below, and the
middle plot in Figure 5. Since we were essentially reporting the same information as in Figure 5,
we decided to spatially resolve the mass distribution in each annulus. The calculation of annular
mass from ‘annular MLR’ values was also carried out by using a single set of a and b values.

Figure 8. Top: Spatially-resolved annular mass distribution for galaxy J1107 as calculated by the annular
MLR method (mass, or MSRC. Bottom: Spatially-integrated annular mass distribution as calculated by
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the single MLR method (light-mass, or MSIC). Generated by jr_compilation_J1107.py. 5 See Appendix
A6 for similar plots for galaxies J0905 and J0826.

The top frame in Figure 8 clearly shows a different distribution of mass than does the
bottom frame. Since the bottom frame essentially depicts the same information as Figure 5, we
use the data contained in this plot to show information related to amount of light contained in each
annulus, what we termed ‘light-mass’, as this is a scaled version of the annular light values. The
values of the total light-mass in a galaxy are the same as the values of M SIC,F814W,B-V since we are
using the F814W filter only at this point. The top frame gives data regarding more accurate
calculations for mass in each annulus, which we simply termed ‘mass’. Qualitatively, we noticed
a significant difference in the values and trends of the two plots.

3.5. Galactic Compactness
The differences in the two plots led us to compose Table 2, below, comparing light-mass
and mass specifically in the inner region of each galaxy. We made the decision to begin by only
analyzing data for the F814W filter. While we could, and very well may in the future, repeat these
analyses for the other two filters, we chose to narrow down our data set once again to focus in on
the trends displayed by the galaxies. As described in the Methods section, the process producing
the MSRC,F814W,B-V value for each galaxy takes into consideration seven values, each based on one
set of a and b values from Appendix A1 for the F814W filter. Thus, we have a best value and
uncertainty associated with each best value for each galaxy. Table 2 presents these mass values,
in addition to the percentage of mass, MSRC,F814W,B-V, and light-mass, MSIC,F814W,B-V, contained
within the first five annuli, or the inner ~1.5kpc of the galaxy to demonstrate the compactness of
the light and of the mass. These percentages were calculated using the best values for annular
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masses (or light-masses) through the fifth annulus compared to the total mass (or light-mass) of
the galaxy.
Table 2.
Total Mass and Light-Mass Values for the F814W Filter and Percent of Mass Contained in Inner 5 Radii
Galaxy Total MSRC,F814W,B-V 𝝈Msrc,F814W,B-V % MSRC,F814W,B-V Total MSIC,F814W,B-V % MSIC,F814W,B-V
(𝑀⨀ )
inner 5 annuli
(𝑀⨀ )
inner 5 annuli
(𝑀⨀ )

J0905
J0826
J1107

4.23x1011
9.38 x1011
8.23 x1011

0.29 x1011
1.38 x1011
1.33 x1011

32%
11%
5%

2.44 x1011
2.35 x1011
1.91 x1011

55%
43%
22%

Noting that we ran our analysis for a total of 40 aperture shells, it is equivalent to say the
mass or light-mass contained within the first five shells is contained within 12.5% of the analyzed
radius of the galaxy, or approximately the inner 1.5kpc as mentioned above. Clearly, the
concentration of light is much greater than the concentration of mass in the inner region of each
galaxy. We also noted that the values for MSRC,F814W,B-V were much greater on average than those
of MSIC,F814W,B-V. This may be attributed to the differences in our calculation methods for the two
values.
Looking at Figure 8, it seemed apparent that there was a peak at one certain radius for the
mass and another peak at a different radius for the light-mass. Was it possible that this was an
indication of two centers of mass, one with a high concentration of light and the other with a
relatively higher concentration of mass? Might this be evidence of a merger between two galaxies,
a phenomenon that could provide an explanation for the observed high-velocity outflows? When
searching for an explanation, we stumbled across another refinement that we could make to narrow
down our results. The mass-related data analyzed thus far had not accounted for the area of the
annulus in which a certain amount of mass was contained. We took this as our next task as we
took one step deeper into our galactic exploration.

31

3.6. Surface Mass Density
Continuing with the decision to cut our data sets down to only the flux information from
the F814W filter, we drew up a process to produce plots that would more directly compare the
values of MSRC,F814W,B-V with the values of MSIC,F814W,B-V. This time, we calculated the individual
annular masses using an average of the mass values from each a, b value set. These best values
are plotted below.

Figure 9. Top: Mass (dark green) and light-mass (light green) as a function of radius in kpc, essentially
an overlay of the green trend lines in the top and bottom frames of Figure 8, only different by the radius
unit of measure. There are two clear peaks, one for the ‘light-mass’ at the inner region and one at a more
outer radius for the mass. Bottom: Again a comparison of mass and light-mass as a function of radius in
kpc. This frame depicts mass surface density, dividing the mass in any given annulus by the area in
square kpc. Though it is still apparent that the mass is more extended than the light, there are no longer
two distinct peaks, indicating the concentration of both light and mass is largely in the center region of
the galaxy. Generated by jr_overlays_J1107.py. 6

It is apparent from Figure 9 that the process of dividing the mass in an annular region by the area
in that region to calculate the mass surface density, ∑ max, of the annulus in question provides us
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with a quite different visualization of the mass distribution throughout the galaxy. From first
glance, we may write the bottom frame of Figure 9 off as displaying the same trend for
MSRC,F814W,B-V and MSIC,F814W,B-V. However, it is notable that the mass (dark green) and the lightmass (light green) do trend slightly differently as radius increases. The overlay plots, such as
Figure 9 presents, for galaxies J1107 and J0826 are very similar, while the plots for galaxy J0905
is worth discussing.
Figure 10, below, displays the same information as Figure 9, but for galaxy J0905. It is
clear that the mass and light-mass trend more similarly together for J0905 in the bottom frame of
Figure 10 than they do for J1107 in the bottom frame of Figure 9. For this galaxy, which indeed
was estimated by Diamond-Stanic et al. (2012) to be the most compact of the sample, we can see
that the light and the mass are both very highly concentrated in the central regions of the galaxy.

Figure 10. Top: Mass (dark green) and light-mass (light green) as a function of radius in kpc. Bottom:
A comparison of surface mass density and surface light-mass density as a function of radius in kpc.
Compared to the bottom frame of Figure 9, the mass is much less extended. Galaxy J0905 appears to
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have a higher mass concentration comparatively to the other galaxies in the sample, indicating it is the
most compact. Generated by jr_overlays_J0905.py. 7 See Appendix A7 for similar plots for galaxy J0826.

The compactness of a given galaxy is a launching point for further investigation into the ongoing
processes in the galaxy. Though the information we have gathered from our data processing
procedures is far from complete, it has provided us with an initial insight into the layout of mass
and light distribution in our three-galaxy sample. Additionally, it provides us with a path forward,
bringing us closer to completing our galactic spelunking conquest.

4. Discussion
It is important to mention that our research up to this point is exploratory. Though we have
made some useful determinations about the galaxies, what we have done is only the beginning.
We have effectively begun to map out different regions in these galaxies in a few different ways
in attempt to gain insight into the galactic phenomena that are literally and metaphorically out of
this world. Though we have begun to tie some loose ends together, there is still much speculation
that is left up to future work to resolve. That being said, we will further dissect the results we have
gotten to the best of our current ability.

4.1. Implications of an Extended Mass Distribution
The comparative compactness of the light and the mass in each galaxy of our sample is
highlighted by Table 2. Here we can see the high compactness of the mass estimated from a
spatially-integrated color, and the lower compactness of the mass estimated from spatiallyresolved colors, especially for galaxies J0826 and J1107. That said, the two mass estimates are
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quite similar for the galaxy J0905, which is the most compact galaxy in the sample. These results
remain consistent with Figures 9 and 10. It was initially believed that the mass of these galaxies
was just as concentrated as the light and concentrated within the inner regions of the galaxies.
However, it has become apparent that it is possible that the mass in these galaxies is more extended
than originally believed.
There are a few possible implications for the galaxies in the sample having their stellar
mass more evenly distributed. In regards to the high-velocity outflows coming from the galaxies
in the sample, there is a simple comparison that can be done between the outflowing velocity and
the escape velocity of a given region of a galaxy. Escape velocity, of course, refers to the minimum
velocity with which an object (or in this case a collection of particles composing an ‘object’) may
escape the gravitational pull of a massive body. If the outflowing velocity is comparable to the
escape velocity, this indicates an extremely compact galaxy with a very large escape velocity.
However, since the stellar mass is actually more extended than the light, this indicates that the
outflow launching mechanism may significantly exceed the escape velocity, indicating that these
galaxies may have central stellar densities that are comparable to the centers of massive galaxies
in the local universe.
It is also true that in order to produce an outflow of the magnitude produced by the galaxies
in this sample, there must be a mechanism capable of overcoming the escape velocity. We
hypothesized that perhaps the large-scale outflows are streams of cold gas being pumped out of
the galaxy by some mechanism, and that the same mechanism may be preventing hot gas from
cooling inside the galaxy. Since stars form from pockets of cold, dense gas, this may provide a
link to the regulation of star formation and the consistent 1000:1 bulge mass to black hole mass
ratio.
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4.2. Outflow Mechanism
It still remains unknown precisely what this mechanism is that is driving the outflows and
quenching star formation. Though we may not have answers for this question yet (and I’ll say
‘yet’ optimistically), we do have some information that might point us in the right direction. Figure
7, displaying comparative magnitudes in the U-V and V-J colors for respective annuli, gives us an
informative look into the arrangement of the regions in the galaxy. We gained insight, as
previously discussed, about the regions likely containing dust-obscured star forming stellar
populations and old, redder, quiescent regions. Perhaps we might combine this information with
the information we have regarding mass distribution throughout the galaxy. For example, if in a
given region, we have a stellar population that is overwhelmingly quiescent, we might make the
assumption that at some point the star formation in this region was shut down. If we are to follow
our logic back to believing that the outflow launch mechanism might be tied to the mechanism
quenching star formation, it may be insightful to assume that this mechanism acted upon the region
of quiescent stars at some point in time. With the data regarding the stellar mass in that region,
perhaps we could begin to bridge this gap between the outflow velocities, stellar feedback, and
star formation rate. By no means do we claim this to be bullet-proof logic, but rather useful insight
into where to point our flashlights next as we continue to shed light on this cosmic mystery.

4.3. Overcoming Obstacles
There have been a few obstacles and unexpected results in our journey thus far. When
initially creating Figure 5, our centroid values for each galaxy were inaccurate. This resulted with
a peak in flux and subflux at a radius farther from the center of the galaxy than expected. When
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attaining these unexpected results, we took a closer look at our centroid values and adjusted them
to be more accurate. Though the plots and data we generated were done with the most accurate
centroid values that we have thus far, noticing the vast difference in data when changing the
centroid value, it leaves the door open for further small tweaks to these values. Running a Python
script in the future that would locate and verify the precise location of the centroid for each galaxy
may help eliminate unnecessary inaccuracies in our data and plots.
When looking at Figure 8, we realized that we needed to redefine our axes to more
accurately depict the concentration of stellar populations in different regions of the galaxy. In a
similar fashion, when looking at the process by which we divided up the regions of each galaxy in
which we did our analysis, it is clear that some rework may be done to more accurately show the
distribution of stellar populations across the galaxy. Though the galaxies we are studying are
roughly circular in profile, a closer look at the images shows us this is not precisely the case. For
example, Figure 11 depicts galaxy J1107 in the F160W filter. It is apparent that the galaxy is
emitting some light in regions that are not necessarily accurately represented by the generalized
circular annulus approach.
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Figure 11. HST pipeline image of galaxy J1107 in the F160W filter. The asymmetrical galactic profile
is evident, providing motivation for future analysis to include customized apertures and non-circular
annuli for analysis of mass distribution.

Taking a close look at Figure 11 reveals a level of asymmetry in the galaxy’s profile, specifically
in the lower left region and upper right region. The region at the upper right of the galaxy shows
some sort of extended galactic tail, possibly pointing to evidence of a recent merger. If the annuli
were not drawn to be circular and centered at the galaxy’s centroid, perhaps they could more
closely follow the profile of each individual galaxy. In the case of using circular apertures to
calculate the subflux, and more importantly the mass surface density, we are considering the entire
area of that annulus, regardless of whether or not it contains a continuous distribution of mass.
This may be skewing the analysis process by assuming the galaxy’s profile is circular. In addition
to creating custom apertures for each galaxy and more specifically each region of each galaxy, we
could create a pixel-by-pixel map for the flux in the galaxy. This method would eliminate any
assumption and estimation of the galactic profile and might give a more accurate two-dimensional
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map of the mass distribution. There are a few more interesting pieces of insight we might gain
from Figure 11 in terms of future directions.
Noting that Figure 11 is an image taken with the F160W filter, there are a few details
regarding the spread of the light in the image. The images of the galaxies in our sample taken with
the F160W filter are convolved with a longer wavelength point spread function. This essentially
skews the light information contained in each pixel such that the light from bright regions of the
galaxy is not fully contained within the pixels encapsulating that region. Some of the light ‘spills
over’ into pixels of over regions, giving these pixels a higher data value than they should have
inherently. This might provide an initial explanation for the behavior of the data from the F160W
filter being vastly different than that of the other two filters, as seen in Figure 8. There are several
procedures that can be done to the images from this filter to measure the intrinsic size and light
profile to de-convolve these images. This may aid in smoothing out our data sets.
In general, the colors in our galaxy are rather extreme compared to typical galaxies in the
local universe. Though our procedure for creating stellar population models to come up with our
mass-to-light ratios was effective in making an initial estimation for the mass distribution of each
galaxy, this procedure provided nothing more than just that: an estimation. Creating customized
stellar population models to more accurately assess the mass-to-light ratios for our galaxies in
particular, in place of using a model based on colors similar to those found in our galaxy, would
help provide a higher-resolution understanding of the regions of our galaxy.
When discussing the colors in our galaxy used to create our primitive stellar population
models giving us the MLRs used in our analysis, it is worth noting another possible source of
inherent error. Our method of calculating the U-V color was to treat it as if it were a B-V color so
that we would be able to use the mass-to-light ratio estimation procedures from Bell & de Jong
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(2001). Due to the fact that U-V colors are typically redder than B-V colors, this method of
estimating our mass-to-light ratios tended to overestimate the mass calculations. We can see these
overestimations in Table 2 with regard to the M SRC values in particular. This is another area of
our analysis that would benefit from more accurate and specified stellar population models that
more closely fit our galaxy sample.

4.4. Before We Part
We must keep in mind the importance of being able to accurately map out the regions of
the galaxy. While the over-arching goal of this research is to shine some light on the correlations
between outflow velocity, star formation, black hole activity, and galactic mass, it is our belief that
this goal requires from studying in detail the regions of each galaxy. We believe that gathering
information regarding the mass in each region, the light in each region, and the general functions
of each region will point us toward better understanding the origin of the galactic winds, based on
our understanding of the escape velocity. It is our full intention to continue this work with the
hopes of better understanding these connections. We aim to point our focus at reducing the impact
that the obstacles discussed above may have on our analysis. Perhaps more importantly, we aim
to push farther into understanding the implications of the results that we have already attained. We
strive to explain the phenomena we have observed in the vastness of the final frontier, marveling
at its magnitude and mystery as have generations of star-gazers before us. But just like with any
journey, in physics or otherwise, you never seem to end up at the destination you expected by
taking a direct and well-travelled path. Perhaps there is no clear-cut answer to life, the universe,
and everything, but that shouldn’t keep us from searching. Sometimes you have to hold out your
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hands and feel around in the dark for the light switch before you can see any of the obvious things
in the room surrounding you.
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Appendix A
A1 The a and b values for calculation of MSRC and MSIC values.
The first column refers to the filter used in the luminosity calculation. For each of the filters there
are seven coefficients. See the Methods section for the use of these coefficients. The second
column refers to the only color used in this paper, the B-V color. This was taken to be an
approximate replacement for our U-V color, as the rest frame wavelengths of U and B are similar.

Table A1. The a and b Coefficients for the Calculation of Mass-to-Light Ratios for the Three Filters, to
Calculate Mass and Light-Mass Values

Filter (Luminosity)
F475W

Color
B-V

a
-1.019
-1.113
-1.026
-0.990
-1.110
-0.994
-0.888

b
1.937
2.065
1.954
1.883
2.018
1.804
1.758

Filter (Luminosity)
F814W

Color
B-V

a
-0.759
-0.852
-0.766
-0.730
-0.850
-0.734
-0.628

b
1.537
1.665
1.554
1.483
1.618
1.404
1.358

Filter (Luminosity)
F160W

Color
B-V

a
-0.540
-0.658
-0.527
-0.514
-0.659
-0.621
-0.550

b
0.767
0.907
0.741
0.704
0.878
0.794
0.801
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A2 Plots of flux vs. aperture radius
Reproduced below are the plots of flux vs. aperture radius for galaxies J0826 and J1107, depicting
similar motivation for cutoff radius to be preliminarily set at 40 pixels. These plots are similar to
those in Figure 4.

Figure A2. Left: Image stamp and flux vs. aperture radius plots for J0826 in each filter. Right: Image
stamp and flux vs. aperture radius plots for J1107in each filter. Both generated by jr_aper_phot.py.1

A3 Plots of flux and subflux as a function of aperture radius or wavelength
Reproduced below are the plots of flux vs. aperture radius, subflux vs. aperture radius, and subflux
vs. wavelength, for galaxies J0826 and J1107 as in Figure 6 for J0905. These plots display similar
trends as discussed for Figure 5.

1

https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_aper_phot.py
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Figure A3. Left (top to bottom): plots for subflux vs. wavelength, subflux vs. aperture radius, and flux
vs aperture radius for galaxy J0826. Right (top to bottom): plots for subflux vs. wavelength, subflux vs.
aperture radius, and flux vs aperture radius for galaxy J1107. Both generated by jr_flux_plots.py.2

A4 Plots of flux/area vs. wavelength
The plots depicting the trends of the subtractive flux as a function of wavelength for galaxies J0826
and J1107 are reproduced below. Similar to Figure 6, these plots demonstrate a consistent flow
from bluer to redder colors as radius increases.

Figure A4. Left: Subtractive flux vs. wavelength for galaxy J0826.
wavelength for galaxy J1107. Both generated by jr_phot_sed.py.3

2
3

https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_flux_plots.py
https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_phot_sed.py
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Right: Subtractive flux vs.

A5 Comparative color plots
Figure 7 depicts the comparison between U-V and V-J colors for galaxy J0826, showing a few
different regions in the galaxy. It suggests there may be a region of blue star forming stellar
populations near the center of the galaxy obscured by dust and a region of stellar population
dominated by quiescent redder stars. Figure A5 depicts similar findings for galaxies J0905 and
J1107.

Figure A5. Left: U-V color vs. V-J color for galaxy J0905. Right: U-V color vs. V-J color for galaxy
J1107. Both generated by jr_color_color.py.4

A6 Mass and light-mass vs. radius
Below are the plots for mass vs. radius and light-mass vs. radius. The plots for galaxy J0826 shows
similar trends as Figure 8 shows for galaxy J1107. The plots for galaxy J0905 display slightly
different trends, as this galaxy is shown to be more compact, as displayed with Table 2.

4

https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_color_color.py
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Figure A6. Left (top to bottom): Plots of mass vs. radius and light-mass vs. radius for galaxy J0826.
Right: Plots of mass vs. radius and light-mass vs. radius for galaxy J0905. The mass is more compact in
this galaxy, contributing to peak in mass being closer to the inner-regions. The peak in the light-mass
(bottom plots) for both galaxies is mostly contained in the inner-regions, indicating the mass may be
more extended than the light. Generated by jr_compilation_J0826.py8 and jr_compilation_J0905.py, 9
respectively.

A7 Overlay plots of mass vs. radius and mass density vs. radius for mass and light-mass
Figures 9 and 10 depict differences between the mass distributions for galaxies J1107 and J0905,
respectively, showing that though the mass appears greatly more extended in galaxy J1107, when
analyzing mass density vs. radius, the mass and light-mass trend more closely. This could indicate
that the mass is more extended than the light, though still falling off exponentially as radius
increases. Figure A7 displays these plots for galaxy J0826, which is very similar to Figure 9.

8
9

https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_compilation_J0826.py
https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_compilation_J0905.py

47

Figure A7. Top: Overlay of mass vs. radius and light-mass vs. radius for galaxy J0826. Bottom: Overlay
of mass density vs. radius and light-mass density vs. radius for galaxy J0826. Generated by
jr_overlays_J0826.py. 10

10

https://github.com/aleksds/bates_galaxies_lab/blob/master/jr_overlays_J0826.py
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